Link to publication Citation for published version (APA): Sjöberg, P., Töger, J., Hedström, E., Arvidsson, P. M., Heiberg, E., Arheden, H., ... Carlsson, M. (2018). Altered biventricular hemodynamic forces in patients with repaired tetralogy of Fallot and right ventricular volume overload because of pulmonary regurgitation.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. • You may not further distribute the material or use it for any profit-making activity or commercial gain • You may freely distribute the URL identifying the publication in the public portal Take down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
Introduction
Analysis of hemodynamic forces 159 Hemodynamic force data were resampled in time to a common reference heartbeat to display the 160 average force over time in patients and controls independent of different heart rates (Figure 2) . 161 Root mean square (RMS) analysis was performed in all three directions to facilitate the 162 comparison between systolic and diastolic forces regardless of whether the force was negative or , where N is the number of time frames in the cardiac cycle and fn is the 165 force in the timeframe n. 166 The ratio between transversal (lateral-septal and inferior-anterior) and longitudinal (apical-basal) 167 forces was computed for the LV to analyze how the forces align with the blood flow. The 168 anatomy of the RV with inflow at an angle to the outflow prohibits a transverse/longitudinal ratio 169 to contribute to the understanding of force and flow alignment. 170 Hemodynamic forces are presented both without normalization ("absolute" values in Newton 171 (N)), and also indexed to ventricular volume to be able to compare forces independent of heart 172 size ("indexed" values in Newton/liter (N/l)). 173 The larger RV stroke volume compared to LV stroke volume results in larger variation of volume 174 of the RV during the cardiac cycle in rToF. This cause a larger motion of the ventricles compared 175 to controls and this may influence the measured hemodynamic forces (7, 24) . To analyze how 176 much the potential difference in forces between patients and controls was explained by this 177 translational ventricular motion, the maximum center of volume motion of the left and right ventricle were calculated for each force direction. The mean hemodynamic force during the cardiac cycle in the three different directions are shown 205 in Figure 2 for patients and controls. In early systole the forces were mainly directed towards the 206 outflow tract and base of the heart in both LV and RV, reflecting the acceleration of blood out of 207 the ventricles. In late systole the forces were reversed, corresponding to the deceleration of blood 208 outflow during late systole. During the first part of early diastolic inflow the forces were directed 209 towards the apex and diaphragm, reflecting acceleration of blood flowing into the ventricles.
210
During the latter part of early diastolic inflow, the forces reversed and were mainly oriented Figure 3A (Table 3B , Figure 3C and 3D).
234
There was a moderate to strong positive correlation between PR fraction and RMS of 235 hemodynamic forces in the diaphragm-RVOT direction (systole: r=0.59, p=0.01 and diastole: 236 r=0.53, p=0.024). A strong correlation was also found for PR volume and hemodynamic forces in 237 the diaphragm-RVOT direction (systole: r=0.74, p=0.0005; and diastole: r=0.65, p=0.0036).
Discussion

288
This study is the first to quantify intracardiac hemodynamic forces in patients with rToF. The (22) is altered in rToF patients with a small 299 LV and preserved EF. This misalignment of force and flow has also been shown in patients with 300 dilated cardiomyopathy and decreased EF (10). Ventricular dyssynchrony is thought to be one 301 factor causing increased transversal vs. longitudinal hemodynamic forces in dilated 302 cardiomyopathy (11) and might be a contributing factor also in patients with rToF.
303
The increased transversal forces suggest a less efficient LV pumping in patients, since these 304 forces are not aligned with the blood flow. Earlier studies have suggested that the misalignment 305 of intraventricular hemodynamic forces and blood flow activate epigenetic mechanisms leading 306 to pathological cardiac remodeling, possibly through increased wall stress (20, 22) . If this realign the hemodynamic forces in the ventricle with the blood flow. In this study LV forces did 309 not change after surgery. This may indicate that the timing of surgery was not optimal and 310 performed too late for completely normalizing blood flow and ventricular pumping.
311
A possible explanation to the higher forces in diastole could be that the LV in rToF has lower 312 preload (19) and the LV has to generate higher forces to fill the ventricle, thereby accelerating the 313 blood more. This is supported by our earlier study showing that patients with rToF have lower 314 kinetic energy in systole, but no difference in diastole compared to controls (23). inflow to the RV due to the PR leading to a deceleration force in the opposite direction. This is 321 supported by the correlation between PR volume and the hemodynamic forces towards the RVOT 322 during diastole. In the control group there is no PR and thus no deceleration force towards the 323 RVOT.
324
The increased force towards the base during diastole in patients compared to controls, both in 325 absolute and indexed values, is the deceleration force on the inflowing blood from the tricuspid 326 valve. Blood entering a healthy RV is mainly caused by longitudinal lengthening and this does 327 not result in an acceleration of blood and thus no deceleration force (8). In patients with a PR, the 328 systolic longitudinal shortening, and thus also diastolic lengthening, is decreased. As a result 329 inflow of blood caused by radial pumping resulting in diastolic suction may be increased (24).
The radial pumping will result in a higher acceleration of blood flow entering the RV and may 331 explain higher forces in the apical-basal direction in patients. Furthermore, diastolic function is 332 decreased in rToF patients (15) and restrictive physiology has been linked to RV fibrosis in this 333 patient group (21). In our patient group 72% of the patients with LGE data had RV fibrosis and 334 72% showed restrictive physiology. Further studies will show if diastolic dysfunction with or 335 without RV fibrosis contribute to the higher forces in the apical-basal direction in patients with 336 rToF.
337
Changes in hemodynamic forces in patients after PVR suggests that the decreased RV volume 338 after surgery is the main cause of the decrease in RV hemodynamic forces. Surprisingly, the 339 systolic diaphragm-RVOT force decreased to a level below the forces of the control population. 340 We hypothesize that this may be explained by decreased myocardial contractility. 
Limitations 355
The study population is small, especially the subgroup after PVR. However, the control group 356 showed results consistent with previous studies of hemodynamic forces in healthy subjects (1, and hemodynamic forces may also be dependent on pre-load and after-load. There are non-367 invasive load independent techniques described for left ventricular diastolic function (9) but to 368 the best of our knowledge this has not been applied or validated in the right ventricle and 369 especially not in patients with pulmonary regurgitation. Future studies might reveal if and how 370 hemodynamic forces are load dependent.
371
There was a difference in heart rate between patients and controls and possible impact on 372 hemodynamic forces cannot be ruled out. 4D flow was acquired both with and without 373 respiratory gating, but the different methods have been shown to be comparable as shown by 374 Kanski et al (17) . MR scanners from two vendors were used in the study but a recent validation study showed good agreement of hemodynamic forces between scans with and without 
Figure Captions
531
In the LV patients with rToF and pulmonary regurgitation (PR) had higher hemodynamic forces 532 in the lateral-septal/LVOT direction and the inferior anterior direction, thus acting un-aligned 533 with the blood flow, than controls in both systole and diastole.
534
In the RV there was no difference between patients with rToF and pulmonary regurgitation and 535 controls in systole. However, in diastole patients had higher decelerating forces on the blood flow 536 from the PR (RVOT direction) and tricuspid valve (basal direction). 
